Introduction
============

The hypogastric nerve (HGN) is likely the major source of sympathetic nerves for the human pelvic viscera, while the pelvic splanchnic nerve (PSN) is the major source of parasympathetic nerves \[[@B1][@B2][@B3]\]. The sympathetic and parasympathetic nerves in the human pelvic plexus or its branches have been distinguished immunohistochemically in specimens surgically removed from adults \[[@B4][@B5][@B6][@B7][@B8]\] and in human fetuses \[[@B9][@B10]\]. For example, the HGN in a 17-week-male fetus was found to be weakly positive for the vesicular acetylcholine transporter, a marker of cholinergic or parasympathetic nerves, whereas the PSN in the fetus was strongly positive \[[@B9]\].

To our knowledge, however, few studies have utilized immunohistochemical methods to distinguish among nerve fibers in the HGN and/or PSN of adults. Although one immunohistochemical study assayed the HGN and PSN in male cadaveric specimens, that study did not involve staining composite nerve fibers but concentrated on ganglion cell distribution \[[@B11]\]. Nerve fibers in the upper part of the pelvic plexus near the sacral promontory were examined in surgically obtained specimens (i.e., uterosacral ligaments) \[[@B6][@B7]\]. Although the nerves examined in that study most likely contained a major part of the HGN, the latter was not identified during surgery.

Using a set of antibodies against neuronal nitric oxide synthase (NOS), vasoactive intestinal peptide (VIP), and tyrosine hydroxylase (TH), the composite nerve fibers in the pelvic plexus branches in adult cadavers were recently shown to be distinctly heterogeneous \[[@B12]\]. The pelvic plexus branches could be classified into four combinations of autonomic motor nerves: (NOS+, VIP+, TH+), (NOS+, VIP-, TH+), (NOS-, VIP-, TH+), and (NOS-, VIP-, TH-), with the four other possible combinations not observed. Moreover, two adjacent nerves in the plexus were likely to differ. Positivity for NOS has been used to identify the cavernous nerve \[[@B13]\]. Moreover, NOS+ and VIP+ fibers have been shown to co-occur in branches of the pelvic plexus \[[@B4][@B5][@B6][@B7]\]. In spite of those detailed information of the adult pelvic plexus branches, we are not able to discuss about whether the HGN or PSN gave off the NOS+, VIP+, or TH+ fibers. A simple theory is likely that parasympathetic nerve fibers (NOS+ or VIP+) came from the PSN and sympathetic fibers (TH+) from the HGN. To characterize the nerve fibers in the HGN and PSN and to determine whether there were differences between nerve branches constituting these two nerves, we analyzed adult cadavers using antibodies to NOS, VIP, and TH.

Materials and Methods
=====================

The study was performed in accordance with the provisions of the Declaration of Helsinki 1995 (as revised in Edinburgh 2000). We examined 12 donated cadavers (5 men and 7 women), of mean age 88 years (range, 74-95 years). Causes of death were ischemic heart failure or intracranial bleeding. To ensure that none of the patients had undergone previous surgery, their individual histories were reviewed and all were subjected to macroscopic observation of the abdominopelvic cavity. The cadavers had been donated to the Tokyo Dental College for research and education on human anatomy, and their use for research had been approved by the university ethics committee. The donated cadavers had been fixed by arterial perfusion of 10% v/v formalin solution and stored in 50% v/v ethanol solution for more than 3 months.

Two unilateral tissue blocks, one each containing the HGN and PSN, were obtained from each cadaver. The HGN runs immediately beneath the peritoneum in front of the sacral promontory \[[@B14]\]. This superficial nerve course is easy to identify during open surgery on the abdomen \[[@B15]\] and a surgical plane in front of the HGN is useful for mesorectal incision during rectal surgery \[[@B16]\]. In contrast, the PSN runs deep posterolateral to the rectum. A simple method, involving lateral traction of the pelvic viscera after bisection of the cadaveric pelvis, has been used to identify a connective tissue bundle containing the PSN \[[@B17]\]. Detailed dissection of the PSN has also been accomplished using the same approach after bisection of the pelvis \[[@B18]\]. We therefore used the same method to obtain the third sacral root of the PSN ([Fig. 1A, B](#F1){ref-type="fig"}), which apparently corresponded to the previously described \"common nerve root of the PSN\" \[[@B19]\]. The tissue strips for the HGN were delineated by the peritoneum anteriorly, while those for the PSN often contained part of the sacrospinous ligament posteriorly ([Fig. 1F, G](#F1){ref-type="fig"}).

Following routine procedures for paraffin-embedded histology, serial cross sections of each of tissue block were prepared. Most sections were stained with hematoxylin and eosin or Masson trichrome, with others used for immunohistochemistry. The primary antibodies used for nerve immunohistochemistry included (1) rabbit polyclonal anti-human NOS (1:200, Cell Signaling Technology, Beverly, MA, USA), (2) mouse monoclonal anti-human VIP (1:100, sc25347, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and (3) rabbit polyclonal anti-human TH (1:100, ab152, Millipore-Chemicon, Temecula, CA, USA) \[[@B12][@B20]\]. Use of these cadaveric materials made immunohistochemical identification of vesicular acetylcholine transporter, neuropeptide Y, calcitonin gene-related peptide and substance P difficult \[[@B20]\]. The samples were subsequently incubated with horseradish peroxidase (HRP)-labeled secondary antibody, with antigen-antibody reactions detected by the HRP-catalyzed reaction with diaminobenzidine. All samples were subsequently counterstained with hematoxylin. The negative control for each specimen consisted of sections of the same sample not reacted with primary antibody. The positive control for each cadaver consisted of the myenteric plexus of the descending colon ([Fig. 1C-E](#F1){ref-type="fig"}), which shows weak reaction with antibody to TH, due to the presence of a few TH+ myenteric neurons, along with densely distributed neuronal NOS/VIP-coreactive nerve fibers, even in centenarians \[[@B21]\].

Samples were observed and photographs taken with a Nikon Eclipse 80, except that photos at ultralow magnification (less than ×1 at the objective lens) were taken using a high-grade flat scanner with translucent illumination (Epson scanner GTX970). In eight of the 12 cadavers, we manually counted (1) the numbers of nerve bundles in the unilateral hypogastric and PSNs at ×2-4 objective; and (2) the numbers of composite nerve fibers per nerve bundle at ×40 objective \[[@B22]\].

Results
=======

Observations of the HGN
-----------------------

At the level of the sacral promontory, the unilateral HGN was composed of 3-21 middle sized bundles, each 0.05-0.2 mm in diameter, and 50 or more thinner nerves ([Table 1](#T1){ref-type="table"}). The former contained 450-750 nerve fibers per bundle, while the latter contained 40-100 fibers per bundle. [Table 2](#T2){ref-type="table"} shows the numbers of nerve fibers in one middle-sized bundle chosen randomly from eight of the 12 cadavers. In addition, seven cadavers carried 1-3 thick nerve bundles, each more than 0.2 mm in diameter and containing more than 4,000-5,000 nerve fibers. The thin nerves tended to concentrate into areas around an arteries, while thick and moderate-sized nerves were distributed in the lateral sites near the ureter. Although we examined only 4-6 nerve bundles in each tissue strip ([Fig. 1F](#F1){ref-type="fig"}), the HGN usually contained abundant, unmyelinated, thin nerve fibers. Based on these findings, we estimated that each unilateral HGN included 6,000-25,000 nerve fibers.

TH+ nerve fibers were consistently abundant in all nerve bundles ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}), irrespective of the thickness of the nerve bundle and its site along the mediolateral axis. About 70% of the fibers in each nerve bundle were TH+. In contrast, NOS+ and/or VIP+ fibers were located in small areas of each nerve bundle ([Fig. 2A, B, D, E](#F2){ref-type="fig"}). Of these fibers, fewer than 10% were positive for these antigens, except in a 93-year-old man, in whom almost 30% of the fibers were positive ([Table 2](#T2){ref-type="table"}, [Fig. 3A, B, D, E](#F3){ref-type="fig"}). Most bundles contained more VIP+ than NOS+ fibers, with the distributions of these fibers tending to overlap in each nerve bundle. Differences in the proportions of NOS+ and VIP+ fibers among nerve bundles were observed in each of the tissue strips ([Fig. 2](#F2){ref-type="fig"}), but differences were less than 10%. Two or three ganglion cell clusters in the HGN were seen at the promontory level in three of the 12 cadavers ([Fig. 4](#F4){ref-type="fig"}). Although TH+ cells were dominant, intermingling of VIP+ and/or NOS+ cells was observed. NOS+ cells were often positive for VIP. Surprisingly, in one specimen, a ganglion cell appeared to express both VIP and TH ([Fig. 4E, F](#F4){ref-type="fig"}).

Observations of the PSN
-----------------------

Near the third sacral nerve root, the candidate PSN was composed of 3-9 middle sized bundles, each 0.05-0.2 mm in diameter, and 20-40 thinner nerves ([Table 1](#T1){ref-type="table"}). The former contained 350-800 nerve fibers per bundle, while the latter contained 30-80 fibers each. [Table 2](#T2){ref-type="table"} shows the numbers of composite nerve fibers in the middle-sized nerve bundle. In addition, five cadavers carried 2-4 thick nerve bundles, each more than 0.2 mm in diameter and containing 3,500-6,000 nerve fibers. All these nerves were distributed almost evenly in loose connective tissue. Based on these findings, we estimated that 2,000-25,000 nerve fibers were present in each unilateral PSN.

We examined 3-4 nerve bundles in each tissue strip ([Fig. 1G](#F1){ref-type="fig"}). Although we did not perform myelin sheath staining, such as with Luxor fast blue, the PSNs consistently contained abundant, myelinated, thick nerve fibers. Some of these thick fibers appeared positive for NOS or VIP, but all were negative for TH. There were two groups of nerve bundles: (1) NOS+ or VIP+ fiber-rich bundles of which proportion reached 20%-30% ([Fig. 5](#F5){ref-type="fig"}) and (2) NOS+ or VIP+ fiber-poor bundles (1%-3%), with the latter type observed in only three of the 12 cadavers reason (93M, 76F and 78F in [Table 2](#T2){ref-type="table"}). Interestingly, the 93-year-old man with abundant NOS+ fibers in the HGN ([Fig. 3](#F3){ref-type="fig"}) had few NOS+ fibers in the PSN ([Table 2](#T2){ref-type="table"}). About 20%-50% of fibers per bundle were TH+, a proportion higher than that of NOS+ or VIP+ fibers ([Table 2](#T2){ref-type="table"}, [Fig. 5](#F5){ref-type="fig"}). Differences were observed in the proportions of NOS+ or VIP+ fibers among nerve bundles in each of the tissue strips ([Fig. 5](#F5){ref-type="fig"}), but these differences did not exceed 20%. No ganglion cells were present in any of these PSN specimens. Finally, there were no gender- or age-related differences in the morphologies of the HGN and PSN.

Discussion
==========

To our knowledge, this study is the first to analyze the proportion of composite fibers in the adult HGN and PSN using immunohistochemical markers for both sympathetic and parasympathetic nerves. Although our findings were only rough estimates, the numbers of nerve fibers transferred through the HGN were greater than those transferred through the thoracic splanchnic nerves, whereas the numbers transferred through the PSN and thoracic splanchnic nerves were similar when compared with a reference \[[@B23]\]. The numbers of composite fibers in the human PSN were similar to those reported for the male rhesus monkey (mean, 16,314±6,334 \[[@B24]\]). Similar to previous findings using fetuses \[[@B9]\], we observed that TH+ sympathetic nerve fibers were dominant in both the PSN and HGN. TH+ fibers in the PSN are thought to originate from the sacral sympathetic trunk (i.e., the sacral splanchnic nerve), while TH+ fibers in the HGN should be postganglionic, arising from the celiac and mesenteric ganglia. However, results showing TH+ ganglion cells interposed along the nerve suggest that preganglionic fibers are also contained within the HGN. In contrast to results observed in the pelvic plexus branches \[[@B12]\], we did not observe a distinct difference in composite nerve fibers between nerve bundles in either the HGN or PSN. Thus, target dependent sorting of nerve fibers seemed not to occur in the HGN at the level of the sacral promontory or in the PSN near the third sacral nerve root.

In contrast to the relatively small number of ganglion cells seen in the present study, previous studies have reported more than 100 ganglion cells along either the HGN and PSN in almost all cadavers examined \[[@B11][@B25]\]. These differences were apparently due to the area of sampling, the accuracy of nerve findings and the sampling site. In these earlier studies, the nerve course was estimated in semiserial sections, including the pelvic viscera and connective tissue around the nerves \[[@B11][@B25]\], whereas we strictly limited the sampling area by minimum dissection to obtain the most proximal course of the nerve. Therefore, the earlier studies may have overestimated the numbers of ganglion cells in the HGN and PSN. However, the tissue strips we used to examine the PSN observation were likely to also contain nerves to the levator ani muscle \[[@B18]\], nerves that also contain TH+ fibers \[[@B12][@B26]\].

Because autonomic motor nerve nuclei in the sacral spinal cord, such as Onuf\'s nucleus, express NOS but not VIP \[[@B27][@B28]\], preganglionic NOS+ VIP- fibers were likely present in the PSN. However, most of the NOS+ fibers we observed in the PSN were also positive for VIP. Because no ganglion cells were present along the third sacral root of the PSN, the VIP+ fibers we observed in the PSN may be postganglionic fibers from ganglion cells in the pelvic plexus and may go in an upward or downward direction along the sacral sympathetic trunk and/or sacral plexus. Nerves to the lower extremities may not contain NOS+ fibers \[[@B29]\], but, to our knowledge, no previous study has examined VIP+ nerves to the lower extremity.

In contrast to the PSN, NOS+ or VIP+ nerve fibers (cholinergic fibers) in the HGN may originate from (1) lowermost peripheral branches of the vagus nerve; (2) ascending, postganglionic fibers from the pelvic plexus to the left-sided colon; or (3) preganglionic fibers from the thoracic or lumbar spinal nerves to the pelvic plexus \[[@B9]\]. The latter third origin is supported by findings of VIP+ neurons (parasympathetic neurons?) in the sympathetic nerve trunk \[[@B30][@B31]\]. Although this type of paradoxical distribution is often seen in the head and neck \[[@B32]\] the number of candidate cholinergic fibers in the HGN was apparently too large. It is more likely that the NOS+ or VIP+ nerve fibers (cholinergic fibers) in the HGN originate from the ascending fibers. A fourth possibility was suggested by the finding that VIP+ fibers in the pelvic floor may include sensory fibers \[[@B33][@B34][@B35]\].

We thank those people who donated their bodies after death to Tokyo Dental College for research and education on human anatomy without any socio-economic benefit. We also thank their families for agreeing to these donations and for their patience in waiting for the return of their bones after completion of the study.

![Tissue sampling to prepare histological sections of the pelvic splanchnic nerve (PSN) from the left hemipelvis of a 78-year-old woman. (A) Picture of the body immediately after bisection of the pelvis. The hypogastric nerve (HGN) was sampled in front of the sacral promontory, and the body was cut transversely along the fifth lumbar vertebra. (B) Dissection of the sacral nerve roots (S1, S2, S3) during lateral traction of the pelvic viscera. The body of the uterus (UT) had been removed between steps shown in panels (A) and (B). The material analyzed, which included the third sacral root of the PSN, was obtained from the area indicated by the square in panel (B). (C-E) Positive controls for the present immunohistochemical assays: serial cross sections of the descending colon of the same specimen for the hypogastric and splanchnic nerves were incubated with antibodies against neuronal nitric oxide synthase (NOS) (C), vasoactive intestinal peptide (VIP) (D), and tyrosine hydroxylase (TH) (E). In contrast to the very restricted expression of TH (arrow in panel E), NOS and VIP were strongly and widely positive in the myenteric plexus (stars in panels C and D). (F, G) Masson trichrome staining of tissue strips containing the HGN (F) and PSN (G). Panels (C-E) are shown at the same magnification as are panel (F) and (G). Scale bars=0.5 mm (C), 10 mm (G). BL, bladder; EL, external longitudinal muscle layer of the colon; IC, internal circular muscle layer of the colon; P, pubis; R, rectum; SSL, sacrospinous ligament; VAG, vagina.](acb-48-114-g001){#F1}

![Nerve bundles comprising the hypogastric nerve in a 78-year-old man. Serial cross-sections of middle-sized bundles (A-C) and a thick bundle (D-F) were incubated with antibodies to neuronal nitric oxide synthase (NOS) (A, D), vasoactive intestinal peptide (VIP) (B, E), and tyrosine hydroxylase (TH) (C, F). The numbers of NOS- and VIP+ fibers were greater in panels (A) and (B) than in panels (D) and (E). In both types of nerve bundles, NOS+ or VIP+ fibers were restricted to small areas and overlapped. TH+ fibers were distributed throughout the nerve bundles. All panels were prepared at the same magnification. Scale bar=0.1 mm (A).](acb-48-114-g002){#F2}

![Hypogastric nerve containing abundant fibers positive for neuronal nitric oxide synthase (NOS) in a 93-year-old man. Serial cross-sections of a middle-sized bundle (A-C) and a thin bundle (D-F) were incubated with antibodies against NOS (A, D), vasoactive intestinal peptide (VIP) (B, E), and tyrosine hydroxylase (TH) (C, F). The distributions of NOS- and VIP+ fibers appeared to overlap, whereas TH+ fibers were distributed throughout the nerve bundles. The hypogastric nerve in this cadaver contained the largest numbers of fibers positive for NOS and VIP of the 12 cadavers examined. All panels were prepared at the same magnification. Scale bar=0.1 mm (A).](acb-48-114-g003){#F3}

![Hypogastric nerve containing ganglion cells in an 85-year-old woman. Serial sections of two middle-sized bundles, represented by panels (A-C) and panels (D-F), respectively, were incubated with antibodies against neuronal nitric oxide synthase (NOS) (A, D), vasoactive intestinal peptide (VIP) (B, E), and tyrosine hydroxylase (TH) (C, F). The expression of NOS and VIP overlapped in some ganglion cells (A, B), whereas TH+ fibers were distributed throughout the nerve bundles. One ganglion cell (arrow in panels E and F) was apparently positive for both TH and VIP. All panels were prepared at the same magnification. Scale bar=0.1 mm (A).](acb-48-114-g004){#F4}

![Nerve bundles constituting the pelvic splanchnic nerve in a 78-year-old man. These were the same specimens as those shown in [Fig. 2](#F2){ref-type="fig"}. Serial cross sections of two middle-sized bundles, represented by panels (A-C) and panels (D-F), respectively, were incubated with antibodies against neuronal nitric oxide synthase (NOS) (A, D), vasoactive intestinal peptide (VIP) (B, E), and tyrosine hydroxylase (TH) (C, F). In panels (A) and (B), the distributions of NOS+ and VIP+ fibers overlapped and differed from the distribution of TH+ fibers. The numbers of NOS- and VIP+ fibers were greater in panels (A) and (B) than in panels (D) and (E). The density of TH+ fibers (C, F) was much lower than in the hypogastric nerve ([Fig. 2C, F](#F2){ref-type="fig"}). All panels were prepared at the same magnification. Scale bar=0.1 mm (A).](acb-48-114-g005){#F5}

###### Sizes of nerve bundles constructing the unilateral hypogastric or pelvic splanchnic nerve in 8 of the 12 cadavers examined

![](acb-48-114-i001)

  Size of nerve             Age (y)/Gender                                 
  ------------------------- ---------------- ---- ---- ---- ---- ---- ---- -----
  Hypogastric nerve                                                        
   Thick                    0                3    2    2    2    0    1    0
   Middle                   20               12   6    9    21   7    5    3
   Thin                     152              81   84   19   91   51   13   100
  Pelvic splanchnic nerve                                                  
   Thick                    0                4    0    2    2    0    0    2
   Middle                   7                7    4    5    4    9    6    8
   Thin                     45               30   25   22   16   35   11   40

The hypogastric nerve and the pelvic splanchnic nerve were examined unilaterally. Thick, more than 0.2 mm in diameter of the nerve bundle; Middle, 0.05-0.2 mm; Thin, less than 0.05 mm.

###### Composite fibers of the hypogastric and pelvic splanchnic nerves

![](acb-48-114-i002)

  Composite fibers          Age (y)/Gender                                       
  ------------------------- ---------------- ----- ----- ----- ----- ----- ----- -----
  Hypogastric nerve                                                              
   Total fibers             595              585   559   531   745   471   455   510
   NOS                      34               15    9     147   25    0     12    30
   VIP                      66               15    28    166   31    10    55    18
   TH                       460              545   453   330   582   423   380   461
  Pelvic splanchnic nerve                                                        
   Total fibers             600              518   689   352   746   450   563   399
   NOS                      89               25    66    8     11    5     20    55
   VIP                      141              135   185   11    14    16    133   68
   TH                       135              251   155   122   246   135   118   120

In each of the 8 cadavers, we randomly chose a middle-sized nerve bundle (definition, see [Table 1](#T1){ref-type="table"}) from the unilateral hypogastric nerve or the pelvic splanchnic nerve.

Number of positive fibers in the immunohistochemistry for neuronal nitric oxide synthase (NOS), vasoactive intestinal peptide (VIP), or tyrosine hydroxylase (TH).
